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Welcome to the lecture series on metal additive manufacturing. In this lecture we will be
trying to cover little bit on basics of laser. Because laser is a very powerful tool which is used
for joining or melting powder slash wire metal, metal powder or metal wire to produce the
output. We always can think of using electron beam but laser has more flexibility and it is

economical.

(Refer Slide Time: 0:57)



LAST LECTURE

Powder Bed Fusion (PBF)
Directed Energy Deposition (DED)
Binder Jetting (B])

N - B - I

Emerging Metal AM Processes

Material Extrusion
ii. Material Jetting

iii. Sheet Lamination

e

Before getting into the lecture let us have a small recap what was covered in the last few

lectures. In the last few lectures, we were trying to cover various processes which are falling
under metal additive manufacturing. We saw powder bed fusion method, directed energy

deposition method, binder jetting method these three are very common.

Then we saw latest emerging metal additive manufacturing process, metal extrusion where in
which the metal is mixed with polymer extruded as a wire and then printed. So, material
extrusion, material jetting and sheet lamination method. This material extrusion is quite a

common process in polymers which is called as fuse deposition modelling.

So, the same thing is used here. It has better advantages but this process as of today is
becoming expensive because the extrusion mixing of polymer and metals is a challenge

which we discussed in the last lecture.
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Today we will try to see systems which are involved in additive manufacturing, laser theory,

laser components, continuous laser and pulsed laser, laser types and laser beam properties.
We will understand the laser fundamentals in this lecture. When we start using laser, we

always have to be very precautious on the safety point of view.

Laser when it tries to hit a metal powder or a reflecting surface the laser light reflects and
when the reflected light by chance hits your eye it is disastrous. So, when we are working
with lasers, be more precautious than normal machining. Today do it yourself is a common

thing which is available in YouTube.

People try to look into that and start developing setups but when you do that when you are
working with laser, look at the class of the laser and be very cautious to wear laser protective
goggles and laser has a very high energy density. So, be very careful when you are using your
free hands, also to be very careful with that small caution let us get into the content. Because
everybody gets excited after doing this course and thinks can I develop a machine by myself?

yes you can, but with a caution.
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SYSTEM SETUP OF AM MACHINES

Laser Powder Bed Fusion (LPBF)

2. Laser Directed Energy Deposition (LDED) with Blown Powder
Known as Laser Powder-Fed (LPF)

3. Binder Jetting (B])

Now let us get into system setup of additive manufacturing machine. So, there are three

system setups; one is called as laser powder bed fusion, laser directed energy deposition with
blown powder known as laser powder fed, the next one is binder jetting system. These are the

most common systems which are used in metal additive manufacturing setups.
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1. LASER POWDER BED FUSION (LPBI)

» The laser beam melts the powder according to the CAD model
loaded in the machine.

= The laser beam is scanned on the powder layer using
appropriate positioning devices.

= After the first layer melts, the construction platform is lowered,
and a layer of powder is spread.

= Repeat until the part is printed. Unused Powder is removed
during post-processing.

The laser when we talk about laser, laser is a coherent source. This coherent source with

focused energy can be used for melting. So, what happens is you have energy which is
always in joules. Now this energy, if it is focused on a small area then the energy densities go

very high.

So, the advantage of laser is coherent and focused on a small area which gives you the
freedom of melting of powder. So, laser beam which is used always tries to melt the powder.
The melting of the powder depends on the selectivity that means to say the laser absorbs

wavelength A, interacts with it and then starts doing it.

For example, people use blue laser which has a wavelength close to less than 300 nm. So, this
interacts very well with copper. If you use a green laser you might or might not get, and when

you use a red laser it will not try to produce a good quality output.

So, the laser wavelength is very important and the power is important to melt the powder.
The melting of the powder is not like casting which happens all through, it is done selectively
whatever information you have given in the CAD model. Generally, the laser has two

approaches laser has projection approach and writing approach.

Projection approach means the laser beam is passed through a mask and the mask information
whatever is there is trying to get projected on the surface. It can be a metal surface, it can be a
polymer surface but since our focus is more towards metal we will try to keep metal. So, one

layer of mask information is given in the mask.



So, now laser is projected through this it falls on the bed, powder bed where the object is
getting built and all of them melt in one shot the other way around is we write, writing is like

your pen or pencil writing.

So, in your pen or pencil writing what we do is a stylus is moved on top of a surface, the laser
tries to move as spots, these spots try to overlap and they try to form a line and moment it

forms a line, you can try to generate hatch patterns, through this we try to get a layer formed.

So, laser can be used for projection technique, the laser can be used as writing technique
predominantly in metals we use only writing techniques. So, that means to say the laser scans
on top of the powder bed. So, that is what I said here the laser beam is scanned on the powder

layer using appropriate positioning devices. Now it is very clear.

Now how do I move this spot. You can have laser fixed or the bed fixed if you keep the bed
fixed the laser moves right, the laser writes. So, how does a laser write? So, here what
happens is the laser from the source is allowed to meet a positioning device or it is trying to
hit at a mirror, this mirror will try to focus, this can swivel in x-y plane. So, it will sweep and

try to take that spot on top of the bed.

So, appropriate positioning devices can be used to do it. After the first layer melting is done
the construction platform is lowered and a layer of powder is spread this gets repeated. So,

you try to get the final output.
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1. LASER POWDER BED FUSION (LPB)

Laser/Electron Beam
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So, this is what we have discussed. For new powder, we have recoater blade is there or your

roller is there. So, it rolls there will be a heap this will spread on top of it and you see the
model is getting developed. So, this one is called as galvo stage. Galvo stage gives you to

write on top of a very large area by just moving the mirror in the x-y plane.

Mirror is in the x-y plane so, you try to get the final output since it is trying to hit at the
powder so a lot of free powder will be there which will be removed and extracted and is used
for recycling. So, you see the model here, you see the new powder stock and you see the

powder bed stock here.
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2. LASER DIRECTED ENERGY
DEPOSITION (LDED)

» In this machine, the material is deposited through a nozzle
(lateral or coaxial) mounted on a multi-axis arm or table and
melted by a laser or electron beam. ? w Wk

= The material is added and melted layer by layer to print the
part.

= Powder is stored in powder feeders before flowing to the
nozzle. .




So, when we talk about laser directed energy in this machine, the material is deposited
through a nozzle. So, here in this machine you need to have a nozzle. The designing of the
nozzle is a challenge. Why? Because through this nozzle you always have a flow rate, flow
rate of metal powder is nothing but we can say g/min or mg/min, whatever it is you can try to

do it.

So, here we should try to have a controlled flow so that it tries to exactly drop and then you
try to melt it. If more amount of flow is there, then improper melting will happen there will
be a melt powder and then a solid powder without melt. So, that is why I said controlled flow

rate should be there.

So, then this powder will pass through the nozzle and then it will pass coaxially to the laser
then the laser will melt and it will try to deposit. And it is mounted on a multi axial
movement you can have today a five-axis robot or a machine to do this operation. Nozzle
getting fed through five axis you get it or a table which melts by the laser and electron beam.
The material is added and melted layer by layer the powder is stored in a powder feeder

because the flow in the nozzle has to happen.

(Refer Slide Time: 11:52)

2. LASER DIRECTED ENERGY DEPOSITION
(LDED)

= DED machines, instead of feeding powders, are equipped with
metal wires, and the technique is referred to as the wire-fed
deposition process.

» Polymers and ceramics can be used as feeding materials
(powder and/or wires), but metals are the most used materials.

DED machines instead of feeding powder is also equipped for feeding metal wires. So, if you
want to look at the analogy you can look at it like a wire arc welding machine it will be like
that only. So, wire arc welding machine is you have this wire, which tries to continuously

feed.



So, that you can start welding a very large area or try to develop a very good output. So, a
metal wire continuously is fed and then it is melts and it tries to grow into 3d object and the

technique is referred as metal or wire arc feed, feed deposition process.

Polymers and ceramics also can be fed using this mechanism. So, polymers are also made as
wires and in the same way you can also try to make ceramic, you can also try to have a blend
of metal ceramic or metal polymer. You can do all these things to get your output, but by

enlarge here when we talk about it is going to be only wire.
(Refer Slide Time: 13:00)
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2. LASER DIRECTED ENERGY DEPOSITION
(LDED)

Deposition
% ;[Laser Powder-Fed (LPF) system.
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So, this is what we were talking about. So, you can see here the laser is coming and the wire

betps com/3d

is fed. So, this wire what will happen is you can have a nozzle which is there. So, this instead



of powder we can also have wire, it will have a spool, this spool will be connected here, this

is a spool, wire spool or you can have a metal powder.

So, the interesting part is you can have alloy powder or you can have a homogeneous powder
and again in homogeneous you can have varying powder size depending upon your
requirement whatever you want you can try that these are all the benefits which metal

additive manufacturing gives when the product is developed.

So, you try to take a spool, this spool is fed and then through a nozzle and when it comes here
there is a laser which hits here predominantly. These lasers will be continuous but if you use
it will always be energy inefficient. So, people have started using pulsed laser because pulsed

laser comes with very high peak energy.

So, this can melt and then it can be deposited. So, you can have coaxially two nozzles feeding
on the side then the powder coming in the front. So, it gets deposited, you have a x-y stage
where the stage moves. The laser is constant in powder bed you can have this galvo where the

galvo can sweep.

But here the laser is kept constant this is what [ was trying to say laser can be kept constant,
the work piece can move or the laser can move and the work piece is kept constant both
combinations are useful. And when you keep the laser constant and then try to develop it, you

get better output but again depending upon the process parameters and the condition.

So, here instead of the entire setup, you can try to take it to a machine where it is five axis.
So, today we use five axis robots. And these robots are used very well for two things; one for
repair and second for refurbishment. It is exhaustively used, point number one, second thing
is wherever there is a complex job it is done, third thing is today there are even metal bridges
which are built in Europe just by metal additive manufacturing through this process you can

do Google and find it out.
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3. BINDER JETTING (B])

= The B] technique prints complex parts by injecting liquid
binder into a powder bed.

= Liquid binder is injected into a powder bed as an adhesive.

Schematic of a binder jetting system setup O

Additiviey, “Bindes Jet " [Online] Available: hitps-//arww additivaly com/en/learn-about/binder-jetting

So, binder jetting we already saw. The binder jetting technique prints complex parts by
injecting liquid binder into the metal powder. So, this is how it is. So, this will be the metal

powder this will be the binder plus metal powder you see the color change.

So, it only joins and then it tries to adhere, moment it adheres then you have a green part you
try to take the green part to a sintering machine, first it removes the polymer or first wash it
and then try to take it for sintering. So, here predominantly it goes for sintering process. So,
here it is very simple you have the liquid container injecting the binder on top of a work

piece.
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3. BINDER JETTING (B])

3. The binder is dispensed through an inkjet printhead on an
x-y platform.

4. Similar to LPBF, a powder roller spreads the powder material
which is then printed and stitched.

5. The build platform is lowered after the first layer is printed
and a new layer of powder is spread and printed. The
process is repeated until the part is printed.

6. The BJ technique 3D prints stainless steel, polymers, and
glass.




So, the process is explained. Binder is dispensed through an inkjet print head, similar to laser
powder bed fusion, powder roller spreads the powder which is then stretched, the platform is
lowered, the next layer is done. The binder jet technique 3d printing of stainless steel,
polymers and glass is also done today. Again, in polymers you have thermosets polymer,
thermoplast polymer, and you have elastomers. So, predominantly these two are done by

binder jetting process.
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LASER BASICS

IMPORTANT PARAMETERS NEEDED TO BE
EKENOWN FOR AM

Laser theory

Laser components
Continuous vs. Pulsed laser
Laser types

= W D e

5. Laser beam properties

Now let us try to understand this laser because the laser is the heart of the machine. So, then

you can try to dictate the process today what is happening, new era of exotic materials are

coming. So, for this you do not have a standard additive manufacturing machine.

So, what you do is you try to take powder and then you try to play with the laser parameters
to get the best out of it. So, the important parameters need to be known for AM is little bit of
laser theory, laser components, the types of laser, here types of laser and then I will try to talk

here laser types in terms of wavelength and then finally the laser beam properties.

The laser beam properties are very important because we always try to say if the light hits at a
spot and then you try to get, this is only the focal point you say but what happens is, you

always have something called as a waste.

So, anywhere in this area you can keep the object to get the best performance. I am trying to
draw in terms of this is z direction and this may be x direction. So, you have a length,

generally we assume it as a plane but this is a volume, this might be very slow and very



small. So, within this if you keep the laser gets focused and while doing metal additive

manufacturing you can play with this focusing and defocusing.

So, wherever you would like to have an annealing operation a small heat treatment has to be
you just move the either the laser or the bed little bit up and down you go for defocusing and
you get an annealing operation. Once you start focusing, you start getting the sintering

process or the melting process.

So, these are some of the fundamentals you should understand because when you try to use
even an existing very good performance metal additive manufacturing machine, once you get
the quality output you should be able to infer where was the problem and how will you sort it

out. So, for that also you need to understand the basics of laser.
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1. LASER THEORY

* "LASER" stands for "Light Amplification by Stimulated Emission
of Radiation,” which explains its working principle.

= Planck's law can be derived from spontaneous and stimulated
emission.

= Emission is the process by which an excited atom transitions to
a lower energy state by emitting "photon" electromagnetic
radiation.

= The ground state is the lowest energy orbital, while excited
states are higher.

Laser stands for light amplification by stimulated emission of radiation. Planck’s law can be

derived from the spontaneous and simultaneous emission. Emission is nothing but a process
by which an excited atom transitions to a lower level by emitting photons-electromagnetic
radiation, emission is a process. The ground state is called as the lower energy orbital while

the excited state is called as the higher one we will see that in detail in the next slide.
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I. LASER THEORY -

* When an electron jumps to a higher or lower orbit, the atom emits
energy. An excited atom emits radiation spontaneously while
returning to the ground state.

» Photon pumping (radiative) or external heatin (tnon—radi_ative) raises
the energy level of an electron in the ground state (orbit) E; to an
elevated level with energy E,.

= After a few nanoseconds, the electron decays to the ground state
while ermmggf a photon (spontaneous emission) with an energy
equal to the ditference between the two states (hv = E,-E,)

Where h is Planck’s constant (4.1 x 10"'5eV s),

C
v=x

A
(c is the speed of light (299 792 458 m/s), and A is the wavelength)

1. LASER THEORY

= "LASER" stands for "Light Amplification by Stimulated Emission
of Radiation," which explains its working principle.

= Planck's law can be derived from spontaneous and stimulated
emission.

= Emission is the process by which an excited atom transitions to
a lower energy state by emitting "photon"- electromagnetic
radiation.

= The ground state is the lowest energy orbital, while excited
states are hggher.

When an electron jumps so this is a lower level, this is a higher level, you have an atom here

this, when you try to hit it with a photon this gets excited. So, from lower to higher it cannot
stay in the higher for a longer time. So, it will come back to the lower. So, when it is coming

back it is called as emission.

So, this is what we described here emission is a process by which an excited atom transitions
to a lower level state by emitting photons. When it comes down it has to release energy. So,
that is what is called as photons, what are photons, a packet of energy is called as photons

generally photons are talked in light related things.

So, when an electron jumps to the higher or the lower orbit the atom emits energy. Because

energy can neither be created nor be destroyed, it can only be transformed. So, from here it



goes there from there it comes down, an excited atom emits radiation spontaneously while

returning to the ground state.

So, when it comes down, when it is decaying, when it is coming down from higher to lower
there is a spontaneous emission, the photon pumping or external heating. What is pumping?

Something has to give the energy. So, that it goes from here to here that is called as photon
pumping.

Photon pumping or external heating raises the energy level of an electron in the ground state
to the elevated state which is E1 to E2. After a few nanoseconds, the electron decays to the
ground state while emitting a photon spontaneously that is why it is called as spontaneous
emission with an energy equivalent to the difference between the two stages. (hv = E2-E1),
Where h is Planck’s constant (4.1 x 10—15 eV s), v = ¢/A (c is the speed of light (299 792
458 m/s), and A is the wavelength).

So, you see there is a relationship of A which comes into existence. This A is very important
which is nothing but the wavelength. You can always wonder why do you buy a blue laser
why do I buy a green laser when you try to buy an additive manufacturing machine the

vendor says this machine is wonderful because it has a green laser.

What is a big deal of green laser is here A, in turn with respect to photon energy which helps
you in melting. So, this A is very important. So, if you see Planck’s constant it is always

there. So, here v we have defined it like this.
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1. LASER THEORY

Absorption Spontancous emission Stimulated emission

E— & 2 T

E,: Lower energy
state

E;: Higher energy

state

E, —————— E, =X E Y

Nlustration of the absorption, spontaneous emission, and stimulated emission processes.




So, this is what I have explained. So, just one quick recap of it, from E1 it goes to E2 this is
what is the pumping happening. So, this is called as the absorption phase the next one is
called as the spontaneous emission. So, from the top it drops down, when it drops down it

tries to give out, hv that is spontaneous.

Stimulated means what hits and what comes out is of the same wavelength so that is called as
stimulated emission. So, you have illustration of absorption, spontaneous and stimulated

emission process. So, E1 or E2 are the energy states.
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1. LASER THEORY

‘When incoming photons induce the emission, the process is
called stimulated emission

In stimulated emission, the emitted photons match the
stimulating photon's phase, frequency, and polarisation.

In a system with many atoms, this process can be repeated,
amplifying light, the laser's fundamental process.

A laser beam is coherent, mono-color, and collimated
(extremely parallel rays).

1. LASER THEORY

Absorption Spontaneous emission Stimulated emission
E———T E, Ey
E: Lower energy
M e state
A AN AN E, ngl{]clr energy
state
FATAYAS
E| e——————— E, E,

INlustration of the absorption, spontaneous emission, and stimulated emission processes.

When the incoming photon induces the emission, the process is called as stimulated emission.

E. Toysarkani, & Khsjepour. and 8. Corbin, Laser cladding. Ist adition, CRC Prass. 2004. hitps://doi.org/ 10.1201/97814200391177

In stimulated emission the emitted photon matches with the stimulated photon phase in terms

of phase, frequency and polarization.



Polarization means all of them are directed in one direction when the light comes. Now you
will have it, that will go in all directions, you will all try to bring in only one direction. So,
that is called as polarization. Why? Because this polarization will try to help me in focusing
and when we are talking about metal additive manufacturing and we are talking about
roughness of 10 p. So, grain size of around about 50 p, the laser focusing spot should be

close to this.

Then only, you can get a good quality output in a system with many atoms. The process can
be repeated amplifying light and the laser fundamental process finally in a nutshell the laser

beam is coherent mono color and collimated. So, this gives you a freedom of focusing.

(Refer Slide Time: 26:06)
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1. LASER THEORY

RATE EQUATIONS AND EINSTEIN COEFFICIENTS

* Consider an atomic system with two energy levels, E, (ground) and
E; (excited).

* N, and N, are atoms or electrons per unit volume in E, and E,.

= N total = N, + N; since it's a two-level system. When the atomic or
electron system interacts with electromagnetic radiation with
frequency v,,, where hv,, = E; — E,, some atoms will transit from the
ground state 1 to the excited state 2.

So, the rate equation and the Einstein coefficient which are always used. So, consider an
atomic system with two energy levels E; and E> the number of atoms present are N and N>
are the atoms or the electrons per unit volume in E; and E; the total N=N;+Nx> since it is two

level system, you can also have three level system, four level system.

When the atomic or the electron system interacts with electromagnetic radiation with a with
frequency vi2, where hvi; = E; — Ei, some atoms will transit from the ground state 1 to the

excited state 2. So, this is the rate equation and the Einstein coefficient we cover here.
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1. LASER THEORY

RATE EQUATIONS AND EINSTEIN COEFFICIENTS

* Einstein assumed that the stimulated absorption rate from level 1 to
level 2 is proportional to the radiation energy density p,(v;2) and
the number of atoms or electrons in the ground state N; with a
proportionality constant B, ,.

(4'."\-'1 -
(_ 7) =Sup gy )

1 : an 3
The absorption rate is (- = ) where N/ (t) decreases over time.
As mentioned, spontaneous and stimulated emissions can cause

atoms to decay from level E5 to E}

Einstein assumed that the stimulated absorption rate from level 1 to level 2 is proportional to

the radiation energy density and the number of atoms or electrons in the ground state N

which is proportional to a constant called Bi».

So, this is what the equation is:

(_ _) = Biap,(v12)N1 (1)
abs

. . dN . .
The absorption rate is (- —L) where N (t) decreases over time. As mentioned,
1
spontaneous and stimulated emissions can cause atoms to decay from level E to E

2 1.

It is called as decaying process, and here you can try to find out the absorption rate with

respect to time.
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1. LASER THEORY

= RATE EQUATIONS AND EINSTEIN COEFFICIENTS

* The spontaneous emission is proportional only to the number of
atoms (Np) in the excited state. Therefore, the spontaneous
emission rate can be written as:

IN»
(“ _) = —Ay N, (1)
dr spont

(2

1. LASER THEORY

RATE EQUATIONS AND EINSTEIN COEFFICIENTS
« Einstein assumed that the stimulated absorption rate from level 1 to
level 2 is proportional to the radiation energy density p,(v;z) and
the number of atoms or electrons in the ground state N; with a
proportionality constant B, ,.

dN, '
( = 7)‘”‘ = Biap,(012)N, (1) o i

G AN
The absorption rate is (- E“)

As mentioned, spontaneous and stimulated emissions can cause

where N (t) decreases over time.

atoms to decay from level Ep to Ey

The spontaneous emission is proportional only to the number of atoms in N». So, this one we

were trying to talk about stimulated absorption rate. Now, we are trying to talk about
spontaneous emission rate, which is proportional to the number of atoms N> in the excited

state therefore the spontaneous emission rate can be written as:

dN»
dt

= — AN (1)

spont
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1. LASER THEORY

= RATE EQUATIONS AND EINSTEIN COEFFICIENTS
» The stimulated emission rate is proportional to radiation density
py(v1) and the number of exciting ground-state atoms Np with
constant By )
= The subscript order for proportionality constants A and B is 21,
indicating that spontaneous and stimulated emission transitions
start from excited state 2 to ground state I (2 = 1).

* The stimulated emission rate is:

[N'l
([ _) = —=Bap,(v12)Na(1) (3)
I.’[ stim

So, this stimulated emission rate is proportional to radiation density. Radiation is what comes

out. Radiation density and the number of excited ground state atoms N> with respect to a
constant is called B2;. The subscript order for proportionality constant A and B is 21
indicating that spontaneous and simultaneous emission transition starts from excited state 2 to

the ground state 1 that is why we call this constant B,;. The stimulated emission rate is:

dN
(G = =Eam 0
4 stim

Otherwise, it will be if you have a 3-level system it will be B32 and then you will say B21.
So, that means to say you are stopping at one level and then you are falling it down to the
next level and from here you are going down. So, here what happens is, there is more time it

takes more time to decay from one level to the other level.
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1. LASER THEORY

* RATE EQUATIONS AND EINSTEIN COEFFICIENTS
* Einstein coefficients are By, Ay, and By).
* Absorption, spontaneous emission, and stimulated emission all

occur simultaneously when an atomic system interacts with light.

* The ground state and excited state population rates equal the sum
of absorption, spontaneous, and stimulated emission rates.

AN dN>
(—( 1) = (‘ ’) = Byap,(012)N (1) = A2 N2(t) = By p,(012)Na (1) (4)
dt dr

So, now Bi2, A2 and Ba; are all Einstein coefficients which can be directly pulled out from

some literature you can get these constants, absorption, spontaneous emission and stimulated
emission all occur simultaneously when an atomic system interacts with light. The ground
state and the excited state population rate equals the sum of absorption, spontaneous emission

and stimulated emission.

dN dN
_Tr] = d—f = B12p,(012)N1(t) = A21N2(t) — B21p, (012)N2 (1)
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1. LASER THEORY

* RATE EQUATIONS AND EINSTEIN COEFFICIENTS

* Einstein's coefficients are related. In thermal equilibrium,
populations 1 and 2 (N; and Nj) are constant.

(_ "‘ﬂ) = (“’M) =0 (5)
dt dt

Therefore, at thermal equilibrium, Eq. (4) becomes

By2p, (012)N1(1) =A21N2(1) = B2ip, (012)N2(1) = 0 (®)

or
Az
(N1/N2)B\2 - By

pol12) =

1. LASER THEORY

 RATE EQUATIONS AND EINSTEIN COEFFICIENTS
* pu(v]p) is the radiation energy density per unit frequency interval,
and according to Planck’s law, it is given by

8xh nf]

)= ——12___ 8
f’":(/“'-’ 3 pho/oaT 1 @

* Where ( 0 = 1.38 x 10723 J/K) is Boltzmann's constant and T is
thermal equilibrium temperature.

* The number of atoms or molecules in a j state with energy Ej at
thermal equilibrium is given by

Nj=c'eEiloeT 9

where ¢’ is a proportionality constant

So, now Einstein coefficients are related. In thermal equilibrium, N; and N are equal and are

constants.

(4)-()-

We take the previous equation whatever is given here to become like this which is equal to 0

and from here we reiterate and we try to get the formula like this.



B]z[)“(l)]z)N] (f) —A2|N2(f) —lef)u(l)lz)Nz(I) =0

Az
N/N3)Bj2— By,

p,(v12) = (

So, py is nothing but the radiation density. So, radiation energy density per unit frequency

interval and according to Planck’s law it is given by this.

3
8zh vy,
o3 ehulg/rrBT— 1

pu(vlz) =

Where ( op = 1.38 x 1072 J/K) is Boltzmann’s constant and T is thermal equilibrium
temperature.

The number of atoms or molecules in a j state with energy E; at thermal equilibrium is given
by:

Nj=ce EilonT

Where C * is a proportionality constant.
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1. LASER THEORY

= RATE EQUATIONS AND EINSTEIN COEFFICIENTS

* Consider the ratio of population levels 1 and 2 at thermal
equilibrium at temperature T, described by a Boltzmann distribution

i T o (E2=E\)/onT _ p=hopz/agT
Ni
(10)

* Therefore,
.'l]]

HI:""." aT — H.‘I

Pulthz) =

(11
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1. LASER THEORY

 RATE EQUATIONS AND EINSTEIN COEFFICIENTS
* pu(vyp) is the radiation energy density per unit frequency interval,
and according to Planck’s law, it is given by

8zl s,
polb12) = - —12__ ®)

3 em/oaT—1

* Where ( 0 = 1.38 x 10723 J/K) is Boltzmann's constant and T is
thermal equilibrium temperature.

* The number of atoms or molecules in a j state with energy E] at
thermal equilibrium is given by

N; =(,"(‘_£' axt (9

where ¢’ is a proportionality constant

So, considering the ratio of population level 1 and 2 at thermal equilibrium temperature t it is

given by:
]ﬁ = ¢~ (E2=E\)/ogT _ ,=hviz/opT
Ny

Therefore,
Po(v12) il

- Bl _’eflll|1,"r73T —_ B"l
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. LASER THEORY

* RATE EQUATIONS AND EINSTEIN COEFFICIENTS

 Einstein's coefficients are related. In thermal equilibrium,
populations 1 and 2 (N; and Np) are constant.

dN, dN-
-—— = ~1=0 5
( dt ) ( dt ) ©

Therefore, at thermal equilibrium, Eq. (4) becomes

Byap, (012)N (1) = A2 Na(1) = B2 p, (012)N2(r) = 0 (6)

O o
fos) Az
e
(N1/N2)B2 —311/’ @
{F o

|. LASER THEORY

= RATE EQUATIONS AND EINSTEIN COEFFICIENTS

* Consider the ratio of population levels 1 and 2 at thermal
equilibrium at temperature T, described by a Boltzmann distribution

& = e—-‘f:’:—i{u agl - e—hu,: agT

N\
(10)

= Therefore,
.'\:l
,/’u”l"”) T Bppevi/nT — By,

— (1
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* RATE EQUATIONS AND EINSTEIN COEFFICIENTS
» If we now compare Egs. (7) and (11), it derives as
B12= By, (12)
* This result shows that the absorption and stimulated emission
processes are equivalent.
» Moreover, we obtain that
et ;
Hap Bfrha:DB:l 13)
L ]
* Asserting that absorption and spontaneous emission are
proportional to each other




So, now we compare equation 7 with respect to 11, and then we try to get

B12 = Ba1. This result show that absorption and stimulated emission process are equivalent.

So, then we get to know more about A21:

So, you see all the proportions we have discussed in the previous slides asserting that the

absorption and spontaneous emission are proportional to each other.

(Refer Slide Time: 33:24)
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1. LASER THEORY

THE TWO-LEVEL SYSTEM

For stimulated emission to produce a laser beam or amplify
light, the stimulated emission rate must be higher than
spontaneous emission and absorption.

This can be expressed by the following equation:
Ba1p,(v12)N2 > Biap,(012)N) (14

+  Since B,,=B,, (Eq. 12), (14 only holds if N, > N,, meaning more
atoms are in the excited state than the ground state.

— I h e

{F e

1. LASER THEORY

Absorption Spontaneous emission Stimulated emission

E, E E

E,: Lower energy
state

ARP AMAS A E,: Higher energy

state

A — - E, E,

Nlustration of the absorption, spontaneous emission, and stimulated emission processes.

E Toyserkani. & Khajepour. and 8. Cosbin, Laser cladding. Ist edition. CRC Prass. 2004. hitps-//dai.crg/ 10.1201/8781420039117.




1. LASER THEORY

» RATE EQUATIONS AND EINSTEIN COEFFICIENTS
» If we now compare Egs. (7) and (11), it derives as
By2= By (12)
» This result shows that the absorption and stimulated emission
processes are equivalent.
* Moreover, we obtain that

_ 8mhv}, B

2 a3

.'1.:]
c*

= Asserting that absorption and spontaneous emission are
proportional to each other

So, I was talking to you about two level system and three level systems. In two level system,

for stimulated emission to produce a laser beam or amplifying light the stimulated emission

rate must be higher than the spontaneous emission.

B21[)”(U12)N2 > Bl2f)u(vl2)Nl

Since B12=Bz1, the above equation only holds if N2 > Ni, meaning more atoms are in the

excited state than the ground state. This is population inversion.

So, let us go back and see what is stimulated emission and what is stim, this is stimulated and
spontaneous. Spontaneous means instantaneously what is released. Stimulated emission
means you are stimulating; you are getting the base back plus one more energy which you are

getting that is stimulated.

So, this is what we are trying to cover here we are trying to talk about stimulated emission.
So, the stimulated emission to produce a laser beam or amplify light or stimulated emission

rate must be higher than the spontaneous emission and absorption.

(Refer Slide Time: 35:25)
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THE TWO-LEVEL SYSTEM E

+ Population inversion causes this. According to Eq. (10),
At thermal equilibrium, the population density relation
between levels 2 and 1 is given by the Boltzmann
distribution, and N, must be lower than N; (N; < N;)
because hv,,/03T is positive.

+ In thermal equilibrium, population inversion cannot
occur.

+ The rate equation for this type of system is given by

dN dN,
(‘ 7') ) (T) = Bp,(012) Vi(1) - Na(0)] - AN2(1) - 19)

1. LASER THEORY

= "LASER" stands for "Light Amplification by Stimulated Emission
of Radiation,” which explains its working principle. bl

= Planck's law can be derived from spontaneous and stimulated
emission.

= Emission is the process by which an excited atom transitions to
a lower energy state by emitting "photon™ electromagnetic
radiation.

= The ground state is the lowest energy orbital, while excited
states are hlgher.

i .
bshav= E3 .(‘} -
pri

1. LASER THEORY - . .

* When an electron jumps to a higher or lower orbit, the atom emits
energy. An excited atom emits radiation spontaneously while
returning to the ground state.

= Phot I diative xternal heati -radiati i
The caliy Tevil of an clebirta In the ground sate (obit) B, o &
elevated level with energy E.. —

= After a few nanoseconds, the electron decays to the ground state
while emitting a photon (spontaneous emission) with an energy
equal to the difference between the two states (hv = E;-E))
F o~ = e Ve 'i""jﬁ'
Where h is Planck’s constant (4.1 x 10"1%aV 5), Y }’

&

(t>

¢
=

(c is the speed of light (299 792 458 m/s), and A is the wavelength)




1. LASER THEORY

RATE EQUATIONS AND EINSTEIN COEFFICIENTS
* Einstein assumed that the stimulated absorption rate from level 1 to
level 2 is proportional to the radiation energy density p,(v;z) and
the number of atoms or electrons in the ground state N, with a
proportionality constant B, ,.

!4'.‘\"1 -
(_ di ) =R M

1 - aN A
The absorption rate is (- = ) where Ny (t) decreases over time.
As mentioned, spontaneous and stimulated emissions can cause

atoms to decay from level Eg to Ey

So, two level system and three level system. The energies of two level system is E; E>, while

three level system will be E; Ez Es. So, here spontaneously it falls down. So, here it goes up,
goes down here, one emission will come, from here it will come. So, here your efficiency

goes like this is two level and this is three level.

Nowadays you also have four level systems how do they do it they try to do doping of the
glass or they try to have optical fiber doped, they add materials ingredients. So, now laser

efficiency has gone up very high.

See I have now covered so many things slowly, if you walk through I have covered Planck’s
law right then I talked about Boltzmann constant then Planck’s constant and Einstein. So,
almost all these constants and distributions are all getting integrated into one thing called as
laser. People who do this course I want them to understand little bit of these basics because
this will try to give you a better understanding what is happening even today. The continuous
lasers have an efficiency of 20%, why 20? why cannot it go for 80? it has a thermal

management system.

So, what stops them can I shrink the size of the metal additive manufacturing? what puts the
stoppage? if you understand this, then you can understand that nicely that is why I am taking
pains and going through all these things. Distribution N> must be lower than Ni, then the
thermal equilibrium population inversion cannot occur. So, the rate of equation for this type

of system is given as this.

dN; ng
dt dt

= Bp,(v12)[N1(t) =N ()] = AN, (1)
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1. LASER THEORY

THE TWO-LEVEL SYSTEM

Since Bl :BZI , Wwe omitted the subscripts for the Einstein
coefficient B, and since the spontaneous emission takes
place only from level 2 to 1, we can omit the subscripts.

E, N,

NN\

E | Y -VI
Two-level system scheme O

So, this is a two-level system. Since Bi2 and By are equal, we omit the subscript for the
Einstein coefficient B and since the spontaneous emission takes place only from level 2 to 1
we can omit the subscript one to two or two to one, that is why we write it as B a constant, so

this is two level system.

(Refer Slide Time: 38:05)
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I. LASER THEORY

THE TWO-LEVEL SYSTEM
Att=0,all atoms are in ground state 1,s0 N| = N;t.) and Ny
=0.

Rewriting (15)

B,u,,(ru:lNr.»;.::{l_(,, A+ 285, (012 ,} (16)

Ni(t) =
S A+ 2Bp,(v)2)

If in Eq. (16) we put t = =, we obtain

Na(r — o0) Bp,(v)2)

Niowa A+ 2Bp,(v12) (17

At t=0, all the atoms are in the ground state 1. N1 = Niotal and N2> = 0.

, (1‘) Bp,,(l)lz NTm‘aJ’ {1 -A+ 2Bp,,(vl2)]f}
A + 2Bp,(v12)



If in the above equation, we put t = oo, we obtain

N?.(’ - OO) — Bpu(ull)
Ntoml' A+ 2B[)U(U;2)

(Refer Slide Time: 38:25)

1. LASER THEORY

THE TWO-LEVEL SYSTEM
Since A > 0, from Eq. (17) for each given value of t, we obtain

:’V: I‘V'_‘ |
<= (18)

Niotat N +N;
At thermal equilibrium, the number of excited atoms or electrons will
not exceed the number in the ground state, so population inversion
cannot occur in a two-level system.

Since A>0. So, for a given value of t we can write it as this.

N> N, 1

4 P4

- <
Nww Ni+N» 2

At thermal equilibrium the number of excited atoms or the electrons will not exceed the
number in the ground state. So, population inversion cannot happen. So, population inversion
is a term which we generally use it very liberal but there is lot of science behind it I am just

trying to bring all those things to your knowledge.

(Refer Slide Time: 38:57)
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1. LASER THEORY

THE THREE-LEVEL SYSTEM Energy levels

E *

A three-level system, with " | -
level 1 representing the *
ground level and levels 2 ‘[

and 3 representing excited !
states with energies Ej

and Eg, respectively.

In a three-level system,
population inversion is
possible. This system will i
lase when N3 > Ny, due to

a population inversion A three-level system scheme
between excited states 2

and 3. 7 O

E Toyserkani. & Ehsjepour. and §. Corbin, Laser cladding. |5t edition, CRC Press. 2004. hitps://doi.org/ 10.1201/9781420039177

So, as I told you there are three level systems also. In a three level system population
inversion is possible. This system will lase when N3 is greater than N2 due to the population

inversion between the excited state 2 and 3.

(Refer Slide Time: 40:28)
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1. LASER THEORY

THE THREE-LEVEL SYSTEM
Since By =By,
B indicates absorption and stimulated emission between two
states. Before atoms interact with radiation, N, (0) = Ny,

When the system interacts with electromagnetic radiation
with radiation energy density p, (vs,) where huy, = E; — E,,,
some atoms transition from ground state 1 to excited state 3.
Pump source radiation excites atoms.

So, here Bjj =B;i. B indicates absorption and stimulated emission between two states. Before
atoms interact with radiation Ni(0)= N When the system interacts with electromagnetic
radiation with radiation energy density, py (v31) where hvs1 = E3 — E1, some atoms transition

from ground state 1 to excited state 3. Pump source radiation excites atoms.
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1. LASER THEORY

THE THREE-LEVEL SYSTEM

Atoms in excited state 3 can relax by stimulated or
spontaneous emission to level 1 or 2.

Total atoms in a three-level system equal the sum of energy
level populations; therefore:

1\’,,,,‘,1=N|(I] +1V:[H + N3(1) (19)

So, now the total is going to be:

Niowat = N (1) + Na(t) + N3(1)

The atom in excited state 3 can relax by stimulated or spontaneous emission to level 1 or 2.
The total amount of 3 level system equals the number of energy level population. So, you can

see more and more levels you have, more and more emissions you will have.

(Refer Slide Time: 41:25)

1. LASER THEORY

THE THREE-LEVEL SYSTEM

Similar to the two-level system, rate equations can be
written and solved for each of the population states 1, 2,
and 3 due to pumping. Each level's population is constant
at equilibrium.

dN, dN, dN;
={) = =0
dr dr dr

So, this is what is. So, they say when you buy a laser, it is two level laser, three level laser,

sometimes they do not even tell you and once you know this you can see why because this in



turn directly tries to hit your M? value, what is M?? M? tries to talk about the accuracy of your

laser.

Similar to the two level system the rate of emission can be written and solved for three level
system. For each of the population state 1, 2, and 3 due to pumping each level population is

constant at equilibrium. So, you can take dNi, dN», dN3s.

IN IN, IN
YUY 0 (22) 2. (23) 2
dt dt dt
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1. LASER THEORY

THE THREE-LEVEL SYSTEM

= Consider state 2's rate equation. Population Np is given by
spontaneous emission from state 3 to 2 and state 2 to 1,
stimulated emission from state 3 to 2, and absorption from
state 2 to 3.

= State 2's rate equation when equilibrium is maintained is:

IN»
(‘ IH_) =0=A3N3—-A3Ny + p,(v32)B12aN3 —p,(032)B3aN> (20)
¢

1\’7\ tx‘;: + B}:/J“(U}J } = :‘V][/‘H + B}:/)“(U}: ) @n

So, three levels. So, the second rate equation is given by the spontaneous emission from state
3 to 2 and state 2 to 1. So, the stimulated emission from 3 to 2 and absorption from 2 to 3. So,

the state two rate equation when equilibrium is maintained will be like this:

dN
( dtz) = 0=AnN3=AnN, + p,(032)B22N3 = p, (032) By2N:

And you will get two equations by rewriting it.

N3[A3y + Byp,(v32)] = Na|Azy + Byap,(v32)]
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1. LASER THEORY

THE THREE-LEVEL SYSTEM g

= where it can be rewritten as

N3 _ Ay + Byp,(v32) (22)

j\": B Ayp + B::;J..[Uzjﬁ

= When A;, > Az, then N; > N,, atoms in state 2 decay to state 1
faster than atoms in state 3 decay to state 2. This system can now
lase after a population inversion between states 3 and 2. Three-
level (or more than two-level) systems gain medium.

So, N3 will be rewritten like this.

So, faster than the atoms in state 3 decay to state 2. So, atoms in the state 2 decays to state 1
faster than the atoms decay from state 3 to state 2. So, for more and more time, more and

more emission can happen, three level systems are more than two level systems gain medium.

(Refer Slide Time: 43:07)
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1. LASER THEORY

THE FOUR-LEVEL SYSTEM

The ground level has an energy equal to E, and is indicated 1.
Levels 2, 3, and 4 are excited states, and their energies are E,,
E;, and E,, respectively.

Level 4 — E,

Nonradiative
fast decay

Level 3

£ | Level2 P 5
Level | HLJ ® Atoms
Scheme of a four-level system ‘

E. Toysarkani, A Khajepour, and §. Corbin, Lasar cladding. 15t edition, CRC Prass, 2004. https:/doi.org/ 10.1201/3781420039177




So, you have also four level as I told you. So, from here it gets excited to this level, from here
non radiative fast decay happens up to 3. So, from here it goes, lasing action happens here,
from here to here it goes down. So, you can see pumping action and lasing action, when it
goes to this level. So, here non radiative fast decay will happen, it will try to be more efficient

when we use a four level system.
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1. LASER THEORY

THE FOUR-LEVEL SYSTEM

The ground level has an energy equal to E; and is indicated 1.
Levels 2, 3, and 4 are excited states, and their energies are E,,
E;, and E,, respectively.

When level 1 atoms are excited to level 4, they relax to level 3, a
metastable level with a long lifetime.

The transition from level 3 to level 2 causes lasing in a carefully
designed cavity during population inversion.

So, the ground level has an energy equivalent to E; and is indicated by 1, the levels 2, 3, and

4 are excited states and their energy levels are Ez, E3 and E4 respectively. When level 1 atoms
are excited to level 4 they relax to level 3 and a meta stable level with a longer lifetime. So,
that means to say it has a longer lifetime. From 3 to 2 it causes lasing action and then it tries

to come down.

(Refer Slide Time: 44:03)
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1. LASER THEORY

THE FOUR-LEVEL SYSTEM

To maintain lasing (population inversion), level 2's lifetime must
be short so atoms can quickly relax to the ground state and be
pumped to level 4.

Level 2 must be above level 1 and unpopulated at normal
temperature, which is sometimes accomplished by lowering the
system temperature.

So, to maintain lasing, level 2 lifetime must be shorter. So, atoms can quickly relax to the

ground state and go back to the level 4, level 2 must be above level 1 and unpopulated at
normal temperature which is sometime accomplished by lowering the system temperature.

So, this is where we use heat management as a tool.
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2. LASER COMPONENTS

= The main component of Laser system are Gain medium,
pumping sources, and optical resonance systems.

i
I
|
1

Main component of Laser system
Active medium or gain medium and mirrors that reflect

emitted radiation from the laser cavity. To excite the gain
medium's atoms or molecules, a pump is needed.

When we try to look at the lasing components, main components of the lasing system are

48 Corbin. Laser cladding. 15t edition. CRC Press. 2004. hitps://doi crg/ 10.1201/9781420039177

gain medium, pumping source and optical resonance. Optical resonance is nothing but where
there is a back and forth movement going on, gain medium means where you try to focus and

gain things, pumping source means what tries to excite the ground level.

So, you see generally what will happen in a laser cavity. By the way these are all for
schematic explanations. Today we have optical fiber which is used as a lasing gain media and
it tries to produce an output. So, things are changing in a very big way. So, fiber lasers are
also available today but just for your understanding we will see the schematic diagram. So,

that you know the ingredients whatever it is.

So, optical fibers are very small. So, through this also today they are trying to do. So, here
they have gratings and this gratings helps for multiple reflections. Let us keep moving here.

So, laser cavity means it is assumed that it is a closed cavity, like a box.

So, at one end of the box is total reflection and the other end of the box is partial reflection.
Total reflection means it is 100%, partial reflection means it is 95%- 98%. So, here what
happens is you will have a medium. So, in this medium you will have all the atoms at the
ground level. When the pumping source hits it, the pumping source can be two. It can be a

laser itself or you use a IR or any other light source.

When you use a laser whatever comes out, you will have two wavelengths very clearly; one

can be say for example blue, the other one can be red and then what will happen is you put a



filter for red and you try to get only blue out. It will be very distinctly seen if you put a filter

in between and cut it off.

The beauty of laser is you can try to put lenses and you can try to chop off whatever you do
not want you try. So, that is the best part of this laser. So, you have a gain media, gain media
is a place where all the electrons are in ground state. So, pumping sources hit. So, it moves

from E; to E> or E3, Ea.

So, now it is getting excited. The moment it is releasing, it releases the photons in all
directions. Now in this all directions, they are moved back and forth and once it reaches a
level of 98%, all of them in one wavelength then there is an out through which the laser light

comes out.

So, the basic components of laser system is gain medium. That is where you have E; E> and
other things what we read till now, pumping source which tries to excite from E; to E> and
resonance to maintain and get all in one particular direction. So, the active media or the gain
media are mirrors that reflect emitted radiation from the cavity system. To excite the gain

medium, atoms or molecules a pump is used.

So, this is what I have explained to you. So, all these things are there. So, all these things are
now shrunk and then they are put into fiber optics. So, you have fiber optic laser. And
depending upon the power, this system can be used for very high powers. When you want to
have a pulse rating like, very high power, but a continuous power of very low joules, then

they go for fiber optic cables.
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2. LASER COMPONENTS

= GAIN MEDIUM

Gain medium (also known as active laser medium) is
made of atoms, ions, molecules, or electrons.

Depending on the gain medium, lasers can have different
wavelengths.

Solid, liquid, gas, dye, or semiconductor are gain
mediums.

The first laser was a solid ruby (Al;Og3) with cr®t ions
replacing A1 jons.

Lasing ions can achieve population inversion in Al;Og
due to their electronic energy levels.

Gain medium, also known as active laser medium is made of atoms, ions, molecules or

electrons. Depending on the gain medium, the laser can have different wavelength. So, this is
what, so you can have a semiconductor laser, you can have a gas laser, you can have a liquid

dye laser, all these things are now the gain medium.

Depending upon the gain media you can try to have different wavelengths, you can have
solid, liquid, gas, dye or semiconductor as a media. You have gaseous lasers also. So, for
example CO; is a gaseous laser, excimer laser all these things are there. The first laser was a
solid ruby laser. Alumina with chromium ion replacing aluminium ions, lasing ions can
achieve population inversion in alumina due to their electronic energy levels. So, in the first
laser was the solid ruby alumina was used with chromium ion replacing the Alz ions. E; to E3

E1 to Ez you can go.
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2. LASER COMPONENTS

PUMPING SOURCE

Pumping source excites gain medium atoms from the
ground state to upper excited states, creating the
population inversion necessary for lasing.

The gain medium can be optically or electrically excited.

First, the active laser medium is excited by a high-
intensity light source, such as flash Jamps and lasers.

The laser medium's excitation by an intense electrical
discharge (i.e. nonradiative) is known as the electrical
excitation approach. Gas lasers pump this way.

The pumping source excites gaining medium atoms from a ground state to an upper excited

state creating population inversion necessary for lasing action. The lasing media can be
optical or electrically excited. You can use a very high power and then also you can do like

an arc.

So, that is what electrically excited also can be or semiconductor is also an electrical
excitement. First the active laser media is excited by a higher intensity light source such as a
flash lamp or a laser. The lasing media excitation by an intense electrical discharge is known

as electrically excitation approach, the gas pumping this way.

So, what we are trying to say is you will try to have arcs or a capacitor. Bank of capacitor you
will have. So, in this bank of capacitors you will try to pass very high current. So, when you
pass very high current it creates a spark. Now, you try to pump in gas and what comes out is a
laser which is excited. This gas it all gets by the arc, it all gets energized, it tries to create a
plasma and then that is further moved and then you have multiple mirrors, then you get an

output that finally comes out as a laser.

The laser medium excitation by an intense electrical discharge, this what I said capacitor is
known as electrical excitation approach and the gas is moved through it you can have solid or

you can have gaseous laser also.
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2. LASER COMPONENTS

RESONANT OPTICAL CAVITY

Once the population inversion in the gain medium is
reached, light intensity is amplified by forcing stimulated
photons back and forth across.it.

Laser medium is placed in a resonator cavity to amplify
light.

The cavity's two parallel mirrors direct light through the
laser medium back and forth.

One mirror is 100% reflective, while the other is less than
100% reflective; so the amplified light wave can be
removed as an output beam.

Once the population inversion in the gain media is reached, the light intensity is amplified by

forcing stimulated photons back and forth across, that is why I told you there is a medium.

So, this is fully reflecting mirror, this is partially reflecting mirror.

So, it amplifies inversion in the gain media, reaches the light intensity which is amplified by
forcing back and forth movement of photons. The laser media is placed in a resonating cavity
to amplify the light, the length of the resonating cavity is important which will try to dictate
the amplification. The cavity has two parallel mirrors which direct light through the laser
medium back and forth. So, one side is 100%, the other side is <100% to get the required

output.
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3. CONTINUGUS VS. PULSED LASER

Lasers are categorized as continuous waves (CW) and
pulsed waves (PW).

First-generation lasers produce a continuous beam whose
characteristics are determined by the gain medium.

First CW laser was a helium-neon laser with 1153 nm
wavelength.

Since then, gas lasers, solid-state lasers, and dye lasers
have been developed.

Different types of PW lasers are available depending on
pulse duration, energy, repetition rate, and wavelength.

Q-switching and mode-locking generate nanosecond and
femtosecond pulses, respectively. D

When we go to the next level of understanding of laser, we should try to understand what is
continuous laser and what is pulsating laser. So, the continuous laser versus pulsating laser.
Continuous means it is like this so, you have a constant power coming up this constant
power. If you have a very high energy, then you can use it for sintering or melting but this is
continuous. When we have a same laser but now what we do is we chop it off and we try to

have the same energy here.

So, the same thing if I try to chop it same laser power, what do I do? I try to segment it and
then I try to chop it. So, and then chop it and release it as instant. So, I have a very high
power for a very short duration. Same thing I compress and I release same energy. So, the
peak power will be very high but the average power for this also will be the same. So, this is
where you get a very high peak power to melt. So, always we prefer to use a pulsating

wavelength laser.

Continuous 1is also there, continuous is not so very energy efficient. Pulsating is energy
efficient and here since it is only a small packet of energy of very high thing comes so, the
circuit also need not be so robust that like that of continuous, and continuous after a certain

peak power if you want to go, it becomes very inefficient.

Today the continuous laser we are talking about efficiency somewhere close to 15-20%. So,
if you apply 1 kW energy you can get only 200 W of energy which is useful. which comes
out of the laser, which will then get into the system, and then you do. So, finally the
efficiency will go down to 3-4% only.



So, that is why people are now using pulsating laser. The first generation laser produced a
continuous beam whose characteristics are determined by the gain media. What is the gain
media? the material which is kept there. The continuous laser was helium neon laser which
has a wavelength of 1153 nm. Since then gaseous laser, solid state laser, dye laser has been

developed.

The different types of pulsed wave lasers are also available today depending upon the pulse
duration. So, different types of pulsed wave lasers are available today in the market where it

depends on pulse duration this is what it is it will be in ms.

Let me write down the durations, duration it can be in ns, ms, us, ps and fs; all these things
are the pulse duration we are talking about. Energies it can be in kW, repetition rate again it

can be from 10 Hz it can go up to kHz.

When you go up to kHz, the power will go down when you have a lesser repetition rate you
will have a higher pulse energy wavelength is also there. q switching and mode locking
generates nano second and the femtosecond laser. These are mode lockings which tries to

chop.

So, q switching and mode locking are other interesting concepts which we will see in the later
part of the course and that helps you to chop. So, till now we have seen little bit fundamentals

about laser.

So, we saw what is laser? what are the different types of laser? 2 level, 3 level, 4 level, what
are all the basic construction of a laser? then what are the two different types of laser? We
will continue in the next lecture to understand more on the laser parameters. Thank you very

much.



